Abstract: Experimental electrochemical methods combined with quantum chemical calculations and molecular dynamics simulations were emplyed to investigate the possibility for the use of various amino acids as "green" corrosion inhibitors for copper in 0.5 M HCl solution. Among the eleven studied amino acids, cysteine achieved the highest inhibitor effectiveness, reaching 52 % at a concentration of 10 mM. The other amino acids achieved an effectiveness of less than 25 %; some of them even acted as corrosion accelerators. Based on the experimental results, the theoretical calculations and simulations were focused on cysteine and alanine. The electronic and reactivity parameters of their protonated forms in an electrical double layer were evaluated by density functional calculations. In addition, molecular dynamic simulations were introduced to follow the adsorption behaviour of these two amino acids at the Cu(111) surface in the electrolyte solution. The results indicate that the orientation of both molecules was nearly parallel to the surface except for the ammonium group, which was directed away from the surface. Therefore, as the orientation of the cysteine and alanine molecules at the surface were similar, the thiol functional group is responsible for the superior inhibition efficiency of cysteine.
INTRODUCTION
Due to their importance in industry and wide range of applications, copper and its alloys have been the subject of numerous investigations since the 1920s. outperformed lysine and arginine. 22 As a corrosion inhibitor for bronze in acidic medium, cysteine was slightly more efficient than alanine and much more efficient than phenyl alanine. 30 The inhibition efficiency of amino acids was improved by the addition of anions, such as iodide, and cations, such as Zn 2+ and Cu 2+ . 19, 20 The synergistic effect of iodide ions was ascribed to a strong chemisorption of the ions on the metal surface. The columbic attraction between the chemisorbed anion and the cation of an amino acid leads to greater surface coverage and hence, greater inhibition efficiency. 19, 20 The synergistic effect of Cu 2+ was ascribed to the formation of a copper cysteinate complex (Cu(I) cysteine). 16 The Cu + formed by the reduction of Cu 2+ react with cysteine to form the Cu(I) cysteine complex which deposit at the surface and inhibits the cathodic partial reaction. A similar effect was reported for methionine in the presence of Zn 2+ . 19 In order to reveal the adsorption mechanism, different adsorption isotherms were tested. 14, 16, 17, 19, 25, 26 Taking into account a commonly accepted value of -40 kJ mol -1 as a threshold between chemisorption and physisorption, the collected data indicated that the operative mechanism of adsorption of amino acids to a copper surface is physisorption.
Amino acids generally act as cathodic inhibitors, i.e., they inhibit the cathodic partial reaction to a larger extent than the anodic partial reaction. [14] [15] [16] 18, 22, 24, 29, 30 With increasing concentration of amino acid, the inhibition efficiency generally increased, 18, 21, 29 although deviations from this behaviour have been observed. 16, 28, 30 At a given concentration, the degree of protection decreased with temperature in the range from 25 to 55 C. 14 The value of IE was noticed to increase with time of immersion. 20 An accelerating effect of some amino acids (glycine, alanine, leucine, lysine, histidine, glutamic acid and cysteine) on the corrosion was observed for the Cu-5Ni alloy in HCl solution, 28 and valine and glycine for Cu in nitric acid. 22 The aim of the present work was to study several amino acids as corrosion inhibitors of copper corrosion in hydrochloric acid. The experimental electrochemical studies were supplemented with a theoretical investigation based on quantum chemical methods to characterize the electronic and reactivity parameters, while molecular dynamics simulations were applied to describe the adsorption behaviour of amino acid inhibitors in the electrolyte solutions at the molecular level. In this work, the investigations were focused on cysteine (CYS) and alanine (ALA) amino acids. Cysteine could be considered as alanine derivative in which one of the hydrogen atom of the terminal -CH 3 group of alanine is substituted by a -SH functional group.
AMINO ACIDS AS CORROSION INHIBITORS FOR COPPER

EXPERIMENTAL
Amino acids
Eleven of the standard twenty -amino acids were tested. The Lewis structures, names and abbreviations of the amino acids used in this study are summarized in Fig. 1 . Amino acids can be generally sorted into six main groups based on their structure and the chemical characteristics of their functional (R) groups: aliphatic, hydroxyl-or sulphur-containing, cyclic, aromatic, basic and acidic. In the present work the following groups were tested regarding the functional group, polarity, charge and sulphur-containing group ( Fig. 1 ):
Group I: aliphatic, non-polar, neutral amino acids: glycine (GLY), alanine (ALA), leucine (LEU) and methionine (MET); among these, methionine is S-containing;
Group II: uncharged group, non-polar, neutral amino acids: threonine (THR), asparagine (ASN) and cysteine (CYS); among these the cysteine is S-containing;
Group III: charged group, polar and basic amino acids: histidine (HIS) and arginine (ARG);
Group IV: aromatic, non-polar, neutral amino acids: tryptophan (TRP) and tyrosine (TYR). All tested amino acids are L-enantiomers, except for glycine which is without a centre of chirality. Methionine and cysteine are the only ones to contain sulphur. Histidine and arginine are charged polar basic acids, whilst tryptophan and tyrosine belong to aromatic acids. Among these eleven amino acids, four are classified as essential: leucine, methionine, threonine and tryptophan.
The structure of the amino acids are sensitive to the phase, the different forms of the amino acids depending on the medium are displayed in Fig. 2 . At pH between 2.2 and 9.4
(mean values for 20 common amino acids), the predominant form adopted by -amino acid contains a negative carboxylate and a positive ammonium group, so has net zero charge (zwitterion form). Since amino acids have slightly different acid dissociation constants, (pK a values), their iso-electric points, pI, are different (pI = 1/2(pK a1 + pK a2 ). 32 Below 2.2 and above 9.4, the net charge is positive and negative, respectively. In acidic medium, they result from -the protonation of NH 2 group (-NH 3 + ), while in alkaline medium, the -COOH group is deprotonated (-CO 2 -). 
Electrochemical measurements
Copper (99.9 %) was supplied by Goodfellow (Cambridge Ltd., UK) as 2-mm thick foil Samples were cut in the shape of discs of 15 mm in diameter. Prior to the measurements, the samples were mechanically ground under water using SiC paper successively up to 4,000-grit to achieve a surface with a uniform pattern of scratches. The samples were cleaned with ethanol in an ultrasonic bath for two mi nutes, double-rinsed with double-distilled water, and finally dried in a st ream of nitrogen.
Electrochemical measurements were realised in a three-electrode corrosion cell (volume 350 mL) at room temperature. A specimen embedded in a Teflon holder, with an area of 0.785 cm 2 exposed to the solution, served as the working electrode. A saturated calomel electrode (SCE, 0.2415 V vs. saturated hydrogen electrode, SHE) was used as the reference electrode and carbon rods as the counter-electrode. Electrochemical experiments were realised using a PAR & EGG 263A potentiostat/galvanostat and controlled by Powersuite software. The measurements were performed in an aerated 0.5 M HCl (37 %) solution (Carlo Erba Reagents, Rodano, Italy). The amino acids were added to the HCl solution at a concentration of 10 mM.
Prior to the measurements, the samples were allowed to stabilize for 1 h under the conditions of the open circuit potential, E oc . Potentiodynamic measurements were performed using a 1 mV s -1 potential scan rate, starting at 250 mV negative to the stabilized E oc and then increased in the anodic direction. The values of E corr and j corr were determined from Tafel analysis. For each sample, measurements were performed at least in duplicate. Representative polarization curves were selected for graphical presentations. The inhibition effectiveness, IE, was calculated according to the formula:
where j corr,inh and j corr are the corrosion current density in the inhibited and uninhibited solution, respectively.
Quantum chemical calculations
The molecular behaviour of cysteine (CYS) and alanine (ALA) as corrosion inhibitors for copper metal in acidic medium was studied by the quantum electrochemical approach. Density functional theory, specifically the B3LYP functional 33-35 using flexible 6-311G  basis set 36 containing polarization and diffuse functions, was used for the calculations of the electronic structure and reactivity parameter. Frequency calculations for species were calculated to verify the minimum-energy structures. Special care was devoted to setting up a reliable model that accounted for the experiment conditions. The corrosion process occurs in the liquid phase, thus, the self-consistent reaction field (SCRF) theory, 37 with the Tomasi polarized continuum model (PCM), 38 was used to perform the calculations in solution. These methods model the solvent as a continuum of uniform dielectric constant (ε = 78.5) and define the cavity where the solute is placed as a uniform series of interlocking atomic spheres. While the inhibitory action does not occur in the bulk solution but is related to the electrical double layer (EDL) interface, i.e., the molecule-solution interface, a dielectric constant of 6.0 is more appropriate. 39 While an electric field is present in the EDL, it seems reasonable to check the effect of the EDF electric field, which was considered as a finite electric field (10 7 V cm -1 ) along the dipole moment of molecule included in the Hamiltonian. Under these conditions, the electronic parameters, such as HOMO-LUMO energy gap and dipole moment, were calculated for CYS and ALA inhibitor molecules. Furthermore, the following global reactivity parameters: electronic chemical potential, global chemical hardness and the fraction of transferred electron were evaluated. The local reactivity parameters were analysed by means of Fukui indices, 40 calculated by the finite difference approximation approach. 41 The details of these calculations are widely available elsewhere. 42 The Gaussian 09 program package 43 was used for all quantum chemical calculations.
Molecular dynamics studies
Molecular dynamic simulations were applied to evaluate the interaction of the amino acid molecules with the cooper surface in acid solutions. The surface of Cu(111) was chosen to investigate the orientation and dynamics of CYS and ALA in electrolyte solutions. Cu atoms were restrained with a force constant of 50 kcal mol -1 Å -3 throughout the simulation. The model of the solution was set up in a way to correspond a solution of 10 mM CYS (ALA) in an aqueous 0.5 M HCl solution. Two all-atom models were generated to summarize the experimental conditions. The model related to CYS in HCl medium illustrates the protonated form (CYS-PH), and also for ALA in HCl media, the protonated form (ALA-PH) is operative. Setting up the corresponding concentrations of experimental HCl electrolyte solution, 5000 water molecules were included in the orthorhombic box with the sizes 56.1, 53.1, 52.0 Å and then one molecule of amino acid was randomly added into the box. Furthermore, 45 protons randomly coupled with H 2 O molecules to form H 3 O + were added and the same number of chlorine anions. At constant pressure (1 atm) and temperature (300 K), the molecular dynamics protocol was applied in the equilibration phase of 100 ps. Then 20 ns long trajectory of the system with step-size of 1 fs and 3D periodic boundary conditions were pursued. The CHARMM program package 44 was employed for the molecular dynamics simulations using CHARMM version 36 parameter set 45 for the amino acids and ions. Parameters for copper atoms were produced according to the CHARMM parameter set development standard using ab initio results from a water molecule on a Cu(111) surface. 46 
RESULTS AND DISCUSSION
Potentiodynamic curves in hydrochloric acid with and without the addition of amino acids
The electrochemical behaviour of copper in 0.5 M HCl has been extensively studied.
1 A polarization curve is presented in Fig. 3 . In HCl solution, the mechanism of cathodic reaction in the vicinity of the corrosion potential involves the reduction of dissolved oxygen: The anodic curve shows three distinct regions: active dissolution in the apparent Tafel region, a transition region with the maximum current density and the limiting current region. It was proposed that CuCl 2 -complex may be formed either through direct formation from the metal: 2 
Cu 2Cl
CuCl e 
The dissolution may also include dissolution of copper as the Cu + in the first instance:
2 Cu 2Cl CuCl
In the apparent Tafel region, mixed charged transfer and mass transport are usually assumed. 1 The reaction is controlled by both electro-dissolution of copper and diffusion of CuCl 2 -to the bulk solution. 1 The linear slope close to 60 mV denotes a one-electron transfer reaction. Film formation is reflected in the peak at -0.07 V followed by a decrease in the current density (Fig. 1 ). At the current minimum, the surface CuCl coverage reached its maximum. However, CuCl species do not attain sufficient protection since, due to film dissolution, reaction (5), or metal dissolution, reaction (7), the current density progressively increases. The cuprous chloride complex can further dissolve according to: 2 
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This process denotes the establishment of the limiting current region at approximately 0.4 V and continues at more positive potentials. Thus, the overall reaction for copper corrosion can be represented by:
Polarization curves recorded in the presence of amino acids are generally similar to blank curve (Figs. 3 and 4) . Depending on the type of amino acid, its effect on the corrosion process of Cu can be accelerating (increasing the j corr value) or inhibitory (decreasing the j corr value), accompanied by the corresponding shift of the E oc and E corr values. The resulting inhibition effectiveness, IE, and values of E oc and E corr are presented in Fig. 5 . Among the aliphatic amino acids, alanine and leucine modestly accelerated the corrosion process (IE of -12 and -2 %, respectively), whilst glycine had an almost negligible inhibitory effect. A slightly higher effect, but still modest, was achieved by methionine which exhibited a shift in E corr to 30 mV more negative values and the smallest current density of the cathodic branch (Fig. 3a) . In the anodic part, the differences were almost negligible compared to the blank curve. At potentials more positive than the anodic peak, the curve for methionine differed from those of the other amino acids; it formed a current density plateau over a broad potential range. Polar, neutral amino acids exhibited the most distinguished differences compared to the blank curve in the cathodic part (Fig. 3b) : the cathodic current den-sity decreased by approximately half a decade and the corrosion potential shifted in negative direction by 10-30 mV. In terms of IE, asparagine produced no effect, threonine achieved a value similar to that of methionine, 12 %, whilst the IE for cysteine was 52 % (Fig. 5a ). In the anodic branch, the current densities for asparagine and threonine were slightly higher compared to the blank, whilst for cysteine, a small peak was formed at around -0.2 V. At more positive potentials, in addition to the peak at -0.07 V, ascribed to CuCl formation, another peak formed at 0.01 V, followed by a decrease in the current density and a limiting plateau region. Among the examined amino acids, the formation of two additional anodic peaks, at -0.2 and 0.01 V, was unique for cysteine. Among the basic, non-polar amino acids, histidine and arginine with imidazole and guanidinium functional groups, histidine exhibited smaller current densities in the cathodic part (Fig. 4a) . The IE values of 27 and 25 % were larger than those for aliphatic amino acids, but smaller than that for cysteine (Fig. 5a ). In the region following the anodic peak, both amino acids caused a decrease in the current density. A plateau of ≈50 mV was established, which was not the case in the blank solution or in the presence of aliphatic and polar, neutral amino acids. The aromatic amino acids tryptophane and tyrosine showed similar behaviour: at potentials less negative than the anodic peak, only slight differences occurred compared to the blank curve (Fig. 4b) . The resulting IE value for both was 12 % (Fig. 5a ). In the region following the anodic peak, at ≈0 V, the related current density was smaller in the presence of tyrosine and, especially, of tryptophan, which formed a plateau of 40 mV.
Inhibition effectiveness of the amino acids
Two amino acids, alanine and leucine, slightly accelerated the corrosion process (Fig. 5a) . No effect was observed for asparagine. All other amino acids acted as corrosion inhibitors, with cysteine being the most effective with an IE value of 52 %. The following order was observed: CYS > HIS ≈ ARG > THR ≈ TYR ≈ ≈ TRP > MET > GLY.
It is noteworthy that the difference in the effect of cysteine and methionine was quite large (Fig. 5a ) although both contain sulphur which is believed to be mainly responsible for the strong adsorption of organic molecules. The adsorption achieved through thiol (S-H) group of cysteine was obviously stronger than through the methylthio (S-CH 3 ) group of methionine (Fig. 1) . Furthermore, cysteine acted as an inhibitor and alanine as an accelerator although they differ only in the presence of the thiol group.
The values of open circuit potential, E oc , measured after 1 h immersion and corrosion potential, E corr , determined by Tafel analysis for the blank HCl solution and in the presence of various amino acids, are presented in Fig. 5b . Cysteine showed the most negative shift of E oc followed by methionine, while the other amino acids showed very similar values to the blank. Among the E corr values, methionine and cysteine again shifted them to the most negative values, compared to the blank.
Quantum chemical results
Two amino acids, cysteine and alanine, were considered. Cysteine achieved best inhibition effectiveness; on the other hand, alanine acted as corrosion accelerator; these two amino acids differ only in the presence of a thiol group (Fig. 1) . The calculations have been adjusted to the experimental conditions as much as possible, i.e., amino acids were considered in the protonated forms denoted as CYS-PH and ALA-PH. The electronic data have been calculated with the model of inhibitors in EDL and with the model of inhibitors in EDL applying a finite electric field in the z-direction. The EDL has been simulated with solvent dielectric constant of 6.0 and the electric field of 10 7 V cm -1 has been applied. The B3LYP/6-311G
 fully optimized structures of protonated forms of CYS and ALA molecules calculated for the EDL model are displayed in Fig. 6 , where the most relevant bond distances are also stated. The bond distances calculated for the model with external field are insignificantly different from those given in the figure. The inhibitor performance was analysed by quantum chemical parameters responsible for the inhibitory action and was further addressed by evaluating the global reactivity parameters. Table II presents To examine the local reactivity behaviour we have calculated the Fukui indices, which are summarised in Table III . The atomic sites with the maximum value of f i -are the preferred sites to which the amino acid molecule will donate charge when attacked by an electrophilic reagent. On the other hand, a large value of f i + is assigned to the atomic sites where the amino acid molecule will receive charge, when attacked by a nucleophilic reagent. In the acid medium, the S atom of cysteine molecule is the most favourable site for an electrophilic attack. For CYS-PH C2 and O1 are the preferred sites for nucleophilic attack. On the other hand, O2 and O1 atoms of ALA-PH are the most reactive centres for an electrophilic attack. C2 and O1 atoms participate in the nucleophilic attack of ALA-PH. From Fukui analysis it can be concluded that more centres are involved in the adsorption process of the both amino acid molecules. 
Molecular dynamics results
The adsorption structures of CYS and ALA amino acids at the Cu(111) surface in the acid medium provided by molecular dynamics simulations were analysed through graphical visualization of the adsorption configurations in the electrolyte solution. The result of simulations of both models are shown in Fig. 7 , where on left panel snapshot configurations of corresponding form of CYS or ALA after 20 ns dynamic simulations are displayed, while on right panel normalized histograms of the atomic positions perpendicular to the Cu(111) surface (Cu atoms being at 0 position) for the selected atoms of amino acid molecule forms are summarized. From top right panel in Fig. 7 , it can be easily seen that the distances of the S, O1, O2 and C3 atoms of CYS-HP from the Cu surface are nearly the same; for the S atom the distance amounts to 2.3 Å. The distance of N atom from the Cu surface is in the range 3.7-4.1 Å, implying that the protonated cysteine molecule is absorbed nearly parallel to the copper surface, but with -NH 3 + group oriented away from the surface into the solution. Furthermore, it could be concluded from the figure that the protons are distributed throughout the solution and approach not less than 2.0 Å to the surface. Moreover, chlorine anions are distributed throughout the solution with minimum distance to the surface of 2.7 Å. The ALA molecule in HCl electrolyte solution is shown in panels c and d of Fig. 7 . Compared to the protonated form of cysteine, similar conclusions were drawn for orientation of protonated alanine molecule in acid solution. The only noticeable small difference is more sharp position of N atom with the maximum at 3.7 Å above the Cu surface. It should be mentioned that an S atom is not involved in this amino acid.
CONCLUSIONS
An experimental electrochemical and a theoretical study were performed to investigate the possibility of employing various amino acids as corrosion inhibitors for copper in 0.5 M HCl solution. Eleven tested amino acids were divided into four groups based on the type of functional group, polarity, charge and presence of sulphur. No clear relationship between the groups was noticed in terms of the inhibition effectiveness in hydrochloric acid, i.e., amino acids from the same group may act as corrosion inhibitor or corrosion accelerator. The experimental results confirmed that cysteine exhibited the largest inhibition effectiveness reaching about 50 % at a concentration of 10 mM. Histidine and arginine reached IE values of about 25 %, while the other amino acids yielded only moderate effects, not important for practical use. Alanine and leucine acted as corrosion accelerators.
The reasons for diametrically opposed behaviour of cysteine and alanine, differing only in the presence of a thiol group, were investigated further using quantum chemical calculations and molecular dynamics simulations. The better inhibition effectiveness of cysteine compared to alanine was confirmed by the results of the HOMO-LUMO energy gap, electronic chemical potential and global chemical hardness. The calculated local reactivity parameters indicated that several atomic centres are involved in the adsorption process of both amino acid molecules. The electrophilic attack of cysteine molecule is strongly related to the S atom, while in alanine molecule, both the O1 and O2 atoms are the favourable sites. On the other hand, C2 and O1 are preferred sites for nucleophilic attack, in other words, the -C=O carbonyl group is operative in a back donation process. The molecular dynamics simulations provided a relative comparison of the orientation of cysteine and alanine inhibitors in 0.5 M HCl solutions at the Cu(111) surface. No significant difference could be observed for the absorption of these amino acids regarding their orientation at the metal surface. Yet, cysteine achieved high inhibition effectiveness which can be ascribed to adsorption through the thiol group. Finally, the results of global reactivity parameters and those of molecular dynamic simulations do not support the participation of N atom of ammonium group in the adsorption process.
